Brain-derived neurotrophic factor (BDNF) is a survival factor for different classes of neurons, including gustatory neurons. We have studied innervation and development of the gustatory system in transgenic mice overexpressing BDNF under the control of regulatory sequences from the nestin gene, an intermediate filament gene expressed in precursor cells of the developing nervous system and muscle. In transgenic mice, the number and size of gustatory papillae were decreased, circumvallate papillae had a deranged morphology, and there was also a severe loss of lingual taste buds. Paradoxically, similar deficits have been found in BDNF knock-out mice, which lack gustatory neurons. However, the number of neurons in gustatory ganglia was increased in BDNF-overproducing mice. Although gustatory fibers reached the tongue in normal numbers, the amount and density of nerve fibers in gustatory papillae were reduced in transgenic mice compared with wild-type littermates. Gustatory fibers appeared stalled at the base of the tongue, a site of ectopic BDNF expression, where they formed abnormal branches and sprouts. Interestingly, palatal taste buds, which are innervated by gustatory neurons whose afferents do not traverse sites of ectopic BDNF expression, appeared unaffected. We suggest that lingual gustatory deficits in BDNF overexpressing mice are a consequence of the failure of their BDNF-dependent afferents to reach their targets because of the effects of ectopically expressed BDNF on fiber growth. Our findings suggest that mammalian taste buds and gustatory papillae require proper BDNF-dependent gustatory innervation for development and that the correct spatial expression of BDNF in the tongue epithelium is crucial for appropriate target invasion and innervation.
Brain-derived neurotrophic factor (BDNF) is a survival factor for different classes of neurons, including gustatory neurons. We have studied innervation and development of the gustatory system in transgenic mice overexpressing BDNF under the control of regulatory sequences from the nestin gene, an intermediate filament gene expressed in precursor cells of the developing nervous system and muscle. In transgenic mice, the number and size of gustatory papillae were decreased, circumvallate papillae had a deranged morphology, and there was also a severe loss of lingual taste buds. Paradoxically, similar deficits have been found in BDNF knock-out mice, which lack gustatory neurons. However, the number of neurons in gustatory ganglia was increased in BDNF-overproducing mice. Although gustatory fibers reached the tongue in normal numbers, the amount and density of nerve fibers in gustatory papillae were reduced in transgenic mice compared with wild-type littermates. Gustatory fibers appeared stalled at the base of the tongue, a site of ectopic BDNF expression, where they formed abnormal branches and sprouts. Interestingly, palatal taste buds, which are innervated by gustatory neurons whose afferents do not traverse sites of ectopic BDNF expression, appeared unaffected. We suggest that lingual gustatory deficits in BDNF overexpressing mice are a consequence of the failure of their BDNF-dependent afferents to reach their targets because of the effects of ectopically expressed BDNF on fiber growth. Our findings suggest that mammalian taste buds and gustatory papillae require proper BDNF-dependent gustatory innervation for development and that the correct spatial expression of BDNF in the tongue epithelium is crucial for appropriate target invasion and innervation.
Key words: taste buds; gustatory; neurotrophins; gustation; transgenic; innervation
The peripheral gustatory system offers an interesting model for the study of target innervation and interaction between ingrowing nerves and neurotrophins. Developmental and experimental studies of gustatory papillae and taste buds have also offered information about the mechanisms underlying sensory organ development and maintenance in the tongue. Lingual papillae cover the dorsal surface of the tongue in mammals. Lingual gustatory papillae, namely f ungiform, circumvallate, and foliate papillae contain taste buds that are specialized peripheral sensory organs involved in perceiving chemical stimuli and in taste transduction. Fungiform papillae are located on the anterior dorsal surface of the tongue, and a single circumvallate papilla is located in the midline at the posterior part of the tongue in rodents. Lingual taste buds are innervated by nerve cells residing in the geniculate and petrosal ganglia. The somatosensory innervation of the posterior part of the tongue is derived from the petrosal ganglion, whereas trigeminal neurons provide somatosensory innervation to the anterior part of the tongue. Gustatory nerves innervate taste receptor cells in taste buds, whereas the surrounding epithelium and the remaining lingual epithelium, including filiform papillae, are innervated by somatosensory fibers. Ingrowth and branching of nerve fibers commence during early stages of tongue formation (Farbman and Mbiene, 1991; Mbiene and Mistretta, 1997; Rochlin and Farbman, 1998) . The axonal ingrowth and selectivity for either the gustatory or somatosensory innervation start and proceed in a precise and orderly manner, suggesting that this process might be in part regulated by target-derived soluble signals.
The neurotrophins brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) (Lewin and Barde, 1996) play roles in the innervation of sensory organs (Ernfors et al., 1994b and are expressed in the respective target areas (Copray and Brouwer, 1994; Pirvola et al., 1992) . The gustatory ganglia and cranial ganglia related to general sensory innervation of the tongue, all show neuronal losses in BDNF and NT-3 null-mutated mice (Ernfors et al., 1994a,b; Farinas et al., 1994; Jones et al., 1994) , indicating the dependence of these neurons on the survivalpromoting actions of these neurotrophins.
Developing gustatory epithelium and adult taste buds in rodents express BDN F mRNA, which might selectively support the gustatory innervation, whereas the surrounding epithelium that receives somatosensory innervation expresses N T-3 mRNA (Nosrat, 1998) . Studies in mutant mice have shown that BDN F and N T-3 are necessary for proper gustatory and somatosensory innervation and for survival of gustatory and somatosensory neurons, respectively (Nosrat et al., 1997a; Z hang et al., 1997) .
Because of their crucial importance for neuronal survival, the roles of these neurotrophins in target invasion and innervation could not be investigated in mice lacking BDNF or NT-3. To further elucidate the function of BDNF in the tongue and to investigate the role of gustatory innervation in the development of taste buds and gustatory papillae, we examined structures and innervation patterns in the tongues of mice overexpressing BDNF. BDN F-transgenic mice exhibited innervational, anatomical, and histological deficits in their gustatory system, despite having a larger number of neurons in gustatory ganglia.
MATERIALS AND METHODS
Generation of NesPI XpBDN F mice. The generation of transgenic mice has been described earlier (Ringstedt et al., 1998) . Briefly, the NesPI XpBDNF construct consisted of a region extending 5.8 kb upstream from the initiation codon of the mouse nestin gene (Z immerman et al., 1994) followed by a 1 kb fragment from the fifth exon of the mouse BDNF gene containing the complete BDN F protein coding sequence, a 300 bp long SV40 polyadenylation signal, and 5.4 kb of nestin gene downstream sequence, including introns 1, 2, and 3 (Z immerman et al., 1994) . The construct was injected into fertilized mouse oocytes that were subsequently transplanted into pseudopregnant females. The offspring was screened for founders by PCR.
In situ hybridization. Transgene expression was studied by in situ hybridization, performed on fresh frozen 14 m cryostat sections. Animals of different ages were taken. Sections were fixed for 5 min in 4% paraformaldehyde, rinsed twice in PBS and twice in distilled water, delipidated with 0.2 M HC l for 10 min, acetylated for 20 min with 0.25% acetic anhydride in 0.1 M ethanolamine, and dehydrated with ethanol. After drying, the sections were incubated overnight in a humidified chamber with 180 l of hybridization buffer per slide (hybridization buffer is 50% formamide, 20 mM Tris-HC l, pH 7.6, 1 mM EDTA, pH 8.0, 0.3 M NaC l, 0.1 M dithiothreitol, 0.5 mg /ml yeast tRNA, 0.1 mg /ml poly(A) RNA (Sigma, St. L ouis, MO), 1ϫ Denhardt's solution, and 10% dextran sulfate containing 2.5 ϫ 10 6 cpm /l of BDN F antisense riboprobe. After hybridization, the sections were washed once in 1ϫ SSC at 48°C for 40 min, treated with RNase (10 mg /ml) in 0.5 M NaC l, 20 mM Tris-HC l, pH 7.5, 2 mM EDTA at 37°C for 30 min, and washed twice with 0.5ϫ SSC and twice with 0.1ϫ SSC for 10 min each at 60°C. Finally, sections were dehydrated with ethanol, dried, and then dipped in Kodak (Eastman Kodak, Rochester, N Y) N T-B2 emulsion. After a 2-3 week exposure at Ϫ20°C, the slides were developed, stained lightly with cresyl violet, and mounted in Permount. Probes (antisense and sense) were labeled with [ 35 S]UTP by in vitro transcription with T3 and T7 RNA polymerases from a 340 bp fragment, corresponding to the DNA sequence of the mature mouse BDN F protein, subcloned into pBS-K S (Strategene, La Jolla, CA).
Histolog ical anal ysis. Transgenic mice were taken before birth by decapitation of staged pregnant mothers. Embryonic day 15 (E15)-E19 embryos were decapitated and fixed by immersion for 7-14 hr in 4% paraformaldehyde, cryoprotected by overnight immersion in 10% sucrose in PBS (0.5 M NaC l, 0.1 M phosphate buffer, pH 7.3). Heads were rapidly frozen, and 14 m transverse sections were cut on a cryostat, air-dried and stained with cresyl violet, and mounted in Permount.
Counts of cranial ganglion neurons. We counted neurons with distinct nucleoli from geniculate (four transgenic and four wild-type mice) and petrosal-nodose (three transgenic and three wild-type mice) ganglia on every seventh tissue section from E19 animals, using light microscopy. To calculate an estimated total number of neurons, the counts were multiplied by seven. The narrowest bridge between adjacent ganglia was regarded as the boundary between ganglia. However, a boundary could not be defined between the petrosal and nodose ganglia, and we therefore counted these ganglia together. Data collected in quantitative analysis were statistically evaluated using unpaired Student's t test for comparison of the means (see Fig. 3 ).
Immunohistochemistr y. Animals (E19; n ϭ 10; five controls and five BDN F-transgenic mice) were taken as above, and cryostat sections were preincubated in dilution buffer (PBS, 3% goat serum, and 0.3% Triton X-100) for 1 hr, followed by overnight incubation with different antisera in dilution buffer. Antibodies against protein gene product 9.5 (PGP; 1:400 dilution; Biogenesis), growth-associated protein 43 (GAP; 1:500 dilution; Chemicon, Temecula, CA), calcitonin gene-related peptide (CGRP; 1:400 dilution; Peninsula Laboratories Europe, Merseyside, UK), and gustducin (Santa Cruz Biotechnology, Santa Cruz, CA) were used to visualize the innervation apparatus of the tongue and to study taste cells. Antibodies to PGP (Wilson et al., 1988) and GAP are good neuronal markers and have been used to study tongue innervation (Mbiene and Mistretta, 1997; Wakisaka et al., 1996 Wakisaka et al., , 1998 . Many adult perigemmal fibers (somatosensory fibers) in the gustatory papillae are CGRP-positive (Finger, 1986) . ␣-gustducin is a taste cell-specific G-protein subunit (McLaughlin et al., 1992) . Antibodies to ␣-gustducin have been characterized in earlier reports (Boughter et al., 1997) . Sections were subsequently washed four times in PBS, incubated for 2 hr with rhodamine or FI TC -conjugated secondary antiserum, washed three times in PBS, and covered by mounting medium containing 0.1% phenylenediamine to minimize fading (Hökfelt et al., 1973) .
DiI tracing. E19 and newborn mice (n ϭ 12; nine controls and three BDN F-transgenic mice) were fixed in 4% paraformaldehyde in PBS. Animals were decapitated, and the brains were removed and the facial nerves were localized bilaterally. Heads were pinned down on Sylgard gel Petri dishes and DiI crystals (Molecular Probes, Eugene, OR) were applied to the facial nerve. Chorda tympani is a gustatory branch of the facial nerve and innervates the taste buds in the anterior part of the tongue. It enters the facial canal as does the rest of the facial nerve. The heads were submerged in 4% paraformaldehyde in PBS and incubated at 42-50°C for 10 -12 weeks. After incubation, the heads and tongues were rinsed in PBS containing 10% sucrose and embedded in OC T compound. Sagittal and transversal sections (30 m) were cut on a cryostat and thawed onto slides (SuperFrost Plus; Menzel-Gläser). They were viewed by fluorescence microscopy.
Scanning electron microscopy. Transgenic and control mice (E19 -P0; n ϭ 6; three controls and three BDN F-transgenic mice) were immersionfixed with 4% paraformaldehyde in PBS. Tongues were dissected out, rinsed in PBS, and dehydrated in a graded series of ethanol, acetone, and tetramethyl silane as final steps. They were then mounted on aluminum stubs, platinum-coated with the sputter technique, and examined in a scanning electron microscope (JEOL JSM 820).
RESULTS

Ectopic BDNF expression in the brain, cranial ganglia, and tongue of nestin-BDNF-transgenic mice
Nestin is an intermediate filament protein expressed by neuronal precursors in both the CNS and PNS and in developing muscle cells (Dahlstrand et al., 1995) . Enhancer sequences in intron 1 of the nestin gene are required for the correct spatiotemporal pattern of nestin production in developing muscle and in intron 2 for correct nestin expression in the developing nervous system (Zimmerman et al., 1994) . We have generated transgenic mice overexpressing BDNF under the control of promoter and enhancer regions of the nestin gene, including those located in introns 1 and 2 (Ringstedt et al., 1998) . These mice die shortly before or after birth probably because of cardiac malformations (T. Ringstedt, C. F. Ibáñez, and B. Hempstead, unpublished observations). Transgenic embryos arising from independent injections of the construct expressed high levels of BDNF mRNA in the ventricular zone of the brain ( Fig. 1 A-D) (Ringstedt et al., 1998) and moderate levels in cranial ganglia, including gustatory ganglia ( Fig. 1 B) . In addition, high levels of BDNF mRNA were also seen in the developing tongue ( Fig. 1 D, F ) . Expression in the tongue was very prominent throughout the entire anteroposterior axis in the central musculature (Fig. 1 D) . BDNF mRNA labeling was not found in the palate and suprapalatal regions (Fig. 1 D) . We did not observe distinct areas of BDNF overexpression within the path of gustatory fibers toward their lingual target tissues before they reached the tongue ( Fig. 1 B, D) . Quantification of BDNF protein by ELISA in brain extracts indicated a twofold to sixfold increase in transgenic mice (Ringstedt et al., 1998) .
Increased number of neurons in cranial ganglia innervating the tongue of transgenic mice overexpressing BDNF
Cranial ganglia in nestin -BDN F-transgenic mice were significantly larger than in wild-type mice. The geniculate and trigeminal ganglia (as well as petrosal and nodose ganglia, data not shown) appeared f used in transgenic animals, and no distinct boundary could be observed between them (Figs. Figure 1 . Sagittal sections through heads of wild-type and BDN F-transgenic mice at E15, labeled by radioactive in situ hybridization with a BDNF-specific riboprobe. Sections were exposed for a short period to photographic emulsion; i.e., endogenous BDN F labeling is thus not observed, and only the strong labeling in transgenic animals is seen. Sections were photographed under bright-field ( A) and dark-field (B-F ) illumination. A, Sagittal section from a BDNF-transgenic mouse, about half way between the external ear and midline. B, The same section as in A viewed in dark-field illumination. BDNF labeling is found in several regions of the brain. Strong BDN F labeling is found particularly in the ventricular zones, as well as in proliferative zones of the developing cerebellum (cb). Also note that moderate BDN F labeling is found above cranial ganglia (trigeminal ganglion, Tg; geniculate ganglion, Gg; vestibular ganglion, Vg; petrosal ganglion. Pg), including gustatory ganglia (Gg, Pg). C, Sagittal section of a wild-type mouse. Specific labeling is below detection level. Developing bone tissue appears bright in dark-field photomicrographs because of unspecific light scattering. D, Sagittal section of the head of a BDN F-transgenic mouse. BDN F labeling is observed in different areas of the brain and spinal cord, as well as in the tongue. Note that the palate is devoid from BDN F labeling. E, Higher magnification of the tongue in C. F, Higher magnification of the tongue in D. Specific labeling is found in the midportion of the tongue, consisting of muscle and connective tissue, but not in the lingual epithelium. Scale bar, 200 m. lv, Lateral ventricle; aq, aqueduct; nc x, neocortex; bg, developing basal ganglia; hi, hippocampus; sc, superior colliculus; ic, inferior colliculus; cb, cerebellum; mo, medulla oblongata; OC, otic capsule; E, eye; th, thalamus.
1 A, B, 2). An estimated 100% increase in the number of neurons in geniculate, nodose, and petrosal ganglia was observed (Figs. 2, 3 ).
Decreased innervation of gustatory papillae and loss of lingual taste buds in BDNF-transgenic mice
The ectopic expression of BDNF in the tongue and the increased number of neurons in the cranial ganglia of transgenic mice prompted us to examine the gustatory innervation of the tongue in these animals. To this purpose, we used antibodies to PGP and GAP, which react with most neuronal fibers irrespective of their neurotransmitter or peptide content. PGP and GAP antibodies are good markers for fine peripheral nerve fibers and have been extensively used for the studies of lingual and gustatory papillae innervation (Mbiene and Mistretta, 1997; Wakisaka et al., 1996, Figure 2 . Photomicrographs of transverse sections of the geniculate ganglion and the facial nerve in E19 wild-type (wt, lef t panels) and E19 BDNF-transgenic (tg, right panels) mice, visualizing the increase in size of both the ganglion and the facial nerve. Photomicrographs are taken at an ϳ100 m interval. The geniculate ganglion and the nerve are delineated. There is not a distinct boundary between geniculate and trigeminal ganglia in BDN F-overproducing mice, therefore the ganglion in B is not delineated and is marked instead by an arrow. The arrowheads in A-C, E, and G point at a distinct bone structure (the cartilage model) which subsequently surrounds the ganglion and the nerve in the wildtype mouse but not in the transgenic mouse. The arrows in F, H, and J are pointing at the nerve in BDNF-transgenic mice, indicating that there are both peripheral and central projections from the ganglion. The inner ear compartments are located in the lower and brain tissue (hi, posterior parts of the hippocampal formation) in the top parts of the photomicrographs. Scale bar, 400 m. 1998). PGP immunoreactivity was found in a fraction of taste cells, but GAP immunoreactivity was not (see also Wakisaka et al., 1998) . We also used antibodies to CGRP, which distinguish a subset of peptidergic perigemmal fibers in the adult gustatory papillae. Although wild-type tongue and gustatory papillae were adequately innervated at early developmental stages (Figs. 4 A, C, E, 5A, C-E), gustatory papillae in BDN F-transgenic animals were less innervated (Figs. 4 D, F, 5A, F-H ) . The midportion of the tongues was richly innervated both in wild-type animals as well as in transgenic mice (Fig. 4 A, B) . Although the lingual dorsal surface subepithelial nerve plexus was present in both wild-type and BDN F mice (Fig. 4 A-D , open arrows, evaluated by PGP, GAP, and CGRP immunoreactivity) the amount of nerve fibers entering and ramif ying in f ungiform papillae was decreased in BDN F-transgenic mice (Fig. 4C-F ) . Filiform papillae, on the other hand, appeared to be properly innervated in transgenic mice (Fig. 4 A-D, open arrows) . This was in agreement with the fact that this innervation is somatosensory in character and is dependent on N T-3 but not BDN F (Nosrat et al., 1997a) . Circumvallate papillae also showed decreased innervation in BDNFtransgenic mice compared with wild-type littermates (Fig. 5A-H ) and generally no PGP-positive taste buds were observed. In addition, the subepithelial nerve plexus underlying the gustatory epithelium of circumvallate papillae was diminished in transgenic mice (Fig. 5 B, F-H ). PGP- (Fig. 5A-C, F ) , GAP- (Fig. 5 D, G) , and CGRP-positive (Fig. 5 E, H ) fibers were observed in the area of circumvallate papillae and circumvallate plates (C Ps) in transgenic and wild-type mice. The innervation of C Ps is, however, NT-3-dependent and is not affected in mice lacking BDNF (Nosrat et al., 1997a) or in BDN F-transgenic animals (Fig. 5 B, F-H ) . Together, these data indicate that the gustatory but not the somatosensory innervation is affected in mice overexpressing BDNF. CGRP-positive fibers were generally thin (and contained varicosities) and were observed in the core part of the tongue (among the muscle tissue and close to lingual blood vessels), and in association with the lingual epithelium. Gustducin immunoreactivity was seen within the vallate epithelium (vallate taste buds) of wild-type, but not in that of BDN F-transgenic mice (Fig. 5 , comparfe I, J ). Posterior palatal taste cells were, however, the most gustducin-immunoreactive taste cells at E19 in wildtype and transgenic mice. We did not observe gustducinimmunoreactive taste cells in f ungiform or nasopalatal taste buds (data not shown) in wild-type or transgenic mice at E19.
Palatal taste buds appear to be unaffected in BDNF-transgenic mice
In addition to lingual sites, taste buds are also found in the palate. Palatal taste buds, as well as fungiform taste buds, are innervated by gustatory fibers emanating from the geniculate ganglion. Palatal taste buds normally express BDNF mRNA (Nosrat and Olson, 1995) and show deficits in BDNF-knock-out mice . The transgene was not expressed in the palate of BDNF-transgenic mice (Fig. 1 D) or was it found in the suprapalatal regions through which greater petrosal nerve passes toward its final targets, the palatal taste buds. Lingual gustatory innervation showed deficits in BDNF-transgenic mice, including the innervation of the fungiform papillae. Because the geniculate ganglion is the common source of gustatory innervation for palatal and fungiform taste buds, we examined the innervation of palatal taste buds. Palatal taste buds were well innervated, as evaluated by using antibodies to PGP and GAP. Palate epithelium at the region of the nasoincisor duct, where nasopalatal taste buds are located, was well innervated in transgenic (Fig. 4 B, arrowheads) and wild-type mice. Many fusiform PGP-positive taste cells were observed in the posterior parts of the palate in BDNFtransgenic mice (Fig. 5 M, N; taste buds in the area of "geschmacks-streifen"). We studied palatal taste buds in more detail using antibodies to gustducin. Posteriorly located palatal taste cells in both wild-type and transgenic mice expressed gustducin, and distinct positive taste cells could be seen (Fig. 5I-L) . We did not observe nasopalatal gustducin-positive taste cells, although, laryngeal taste buds were also gustducin-positive in both wild-type and BDNF-transgenic mice.
The presence of well innervated and gustducin-positive palatal (and laryngeal) taste buds in BDNF-transgenic mice indicates that the transient expression of the transgene in the gustatory ganglia does not affect target innervation, as long as the transgene is not ectopically expressed in the target area.
Abnormal target invasion of gustatory fibers in BDNF-transgenic mice
The decreased innervation of gustatory papillae prompted us to investigate the fate of gustatory nerves entering the tongue. To this end, we performed DiI tracing of the chorda tympani. In wild-type mice, chorda tympani entered the tongue, and the labeled nerve was observed in the ventral part sending out branches as it progressed toward the anterior part of the tongue. These branches traversed through the muscle toward the lingual epithelium (Fig. 6 A, I ) where they innervated fungiform papillae and taste buds (Fig. 6 A, inset) . In nestin-BDNF mice, chorda tympani was also seen entering the tongue (Fig. 6C) , and several branches were observed in the ventral side of the tongue, anteriorly to the area of entrance (Fig. 6 D) . Some branches were observed among the muscle tissue of the tongue, and in the posterior part of the tongue some fibers were found close to the epithelium (Fig. 6 E) . However, the lingual epithelium appeared not to be innervated (Fig. 6 B) . Tangles of fine labeled fibers were sometimes observed in the core part of the tongue among the muscle tissue (Fig. 6 F-H ) . No such tangles were observed in wild-type animals (Fig. 6 I) . In transgenic mice, gustatory fibers appeared stalled at the base of the tongue, a site of ectopic BDNF expression, where they formed abnormal branches and sprouts. 
Abnormal tongue surface morphology
The gross morphology of gustatory papillae appeared abnormal in both light and scanning electron microscopical (SEM) examination of BDN F-transgenic mice (Figs. 7, 8 ). In contrast, nestin NT-3 transgenic mice (Ringstedt et al., 1997) appeared to have a normal appearance of the tongue surface (Fig. 7 E, F ) .
Fungiform papillae in BDN F-transgenic mice were of smaller size (Fig. 7C ) and were less in number (Fig. 8 D) compared with normal mice (Figs. 7A, 8B ) or to N T-3 transgenic mice (Fig. 7E) . Although thickened surface areas, indicating developing taste buds, were observed in the f ungiform papillae of both wild-type and N T-3 mice, only few developing taste buds were seen in BDNF-transgenic mice. Using SEM, few small-size fungiform papillae were observed in the midportion of the dorsal surface of the tongue (Fig. 8 F) , whereas the papillae were missing in the anterior part of the tongue (Fig. 8 D) , where the highest number of fungiform papillae is normally observed. Fungiform papillae in the posterior part of the tongue are generally larger than those located anteriorly in wild-type mice (Nosrat et al., 1996 (Nosrat et al., , 1997a . Fungiform papillae in BDN F-transgenic mice (Fig. 8 F) were, however, smaller than those in the anterior part of the tongue of wild-type mice (Fig. 8 B) . Circumvallate papillae in BDNFtransgenic mice had disturbed morphology (Figs. 7D, 8C, E) ; the trench system was not fully developed, and the trenches were shorter in length in comparison with both wild-type (Figs. 7B,  8 A) and NT-3 overexpressing mice (Fig. 7F ) . The superior surface taste buds, which appear first and are well developed at birth, were missing, as well as the taste buds in the inner and outer wall trench epithelium.
DISCUSSION
We have studied the development of the gustatory system in transgenic mice overexpressing BDNF. BDNF has been shown to have specific roles in the innervation of the gustatory system as well as in the proper development of the peripheral gustatory sensory organs, the taste buds. Nestin-BDNF-transgenic mice exhibited innervational, anatomical, and histological deficits in their lingual gustatory system. Gustatory papillae in BDNFoverexpressing mice were significantly less innervated, were smaller, had deranged morphology, and the number of lingual taste buds was severely reduced, whereas the lingual somatosensory innervation, which has been shown to be dependent on NT-3 (Nosrat et al., 1997a) , was not affected. Palatal taste buds in BDNF-transgenic mice appeared unaffected. Peripheral gustatory development and lingual taste buds appeared normal in transgenic mice overexpressing N T-3.
Unexpectedly, the lingual gustatory deficits seen in BDNFtransgenic mice have a remarkable resemblance to those previously described in BDN F knock-out mice (Nosrat et al., 1997a; Zhang et al., 1997; Oakley et al., 1998) . Although mice overexpressing BDNF showed an increased number of neurons in cranial ganglia, BDNF knock-out mice display a distinct loss of neuronal cells, including a subpopulation of gustatory neurons (Ernfors et al., 1994a; Jones et al., 1994; Liu et al., 1995) . This neuronal loss explains the gustatory deficits observed in BDNF knock-out mice. However, the abnormalities in the gustatory system of nestin -BDN F-transgenic mice occur in the absence of neuronal loss.
4 Figure 5 . PGP, GAP, CGRP, and gustducin (Gust.) immunoreactivity in the tongue and palate of wild-type (wt) and BDN F-transgenic (tg) mice at E19. A, Circumvallate papillae are well developed and well innervated in wild-type mice, and an extensive nerve plexus is observed within the papillae and surrounding the lateral trench wall epithelium. Superior surface taste buds are well developed and differentiated, as well as richly innervated ( filled arrow). CPs are also well developed and well innervated (asterisk s). Nerve bundles are directed toward the C Ps and innervate them. B, Circumvallate papillae in BDNF-transgenic mice have distorted morphology and are underdeveloped. The (gustatory) nerve plexus within the papillae as well as the superior surface taste buds are missing. Nerve bundles (open arrows) are however directed toward the C Ps (asterisk s). C-H, Consecutive sections of circumvallate papillae from wild-type and BDN F-transgenic mice reacted with antibodies to PGP, GAP, and CGRP. C, D, Superior surface taste buds are well innervated ( filled arrows). Nerve fibers are also observed in trench wall epithelium (open arrows). E, CGRP-positive fibers (i.e., somatosensory) in wild-type mice are thin and contain varicosities, and are found in association with the papilla and C Ps. Nestin is expressed in neural stem cells in different parts of the developing peripheral nervous system. Analysis of the cranial ganglia, chorda tympani, and palatal taste buds in nestin-BDNF mice showed bundles of nerve fibers clearly projecting away from the ganglia, reaching the tongue and the palate, but only innervating palatal taste buds. This would indicate that BDNF overexpression in gustatory ganglia did not prevent gustatory neuron outgrowth, nor was target innervation by gustatory fibers affected, as long as the transgene was not ectopically expressed in the target area. Gustatory nerve bundles were increased in size compared with the corresponding nerves of wild-type animals, consistent with the increased size of the ganglion itself. It has been suggested that cranial sensory neurons are independent of neurotrophins during the initial period of axonal outgrowth and become dependent on neurotrophins once the axons reach their targets (Davies and L umsden, 1984; Vogel and Davies, 1991; Buchman and Davies, 1993) . According to this view, gustatory nerves grow into the tongue under the influence of guiding molecules other than BDN F (see Tessier-Lavigne and Goodman, 1996) . After they reach the tongue, they become dependent on BDNF for trophic support, survival, and target invasion. At early stages of tongue development, BDN F mRNA is expressed in the core part of the tongue in the area of intermolar eminence (where the gustatory fibers normally enter the tongue), and later, it is exclusively found in the gustatory epithelium (Nosrat and Olson, 1995; Nosrat et al., 1996 Nosrat et al., , 1997b . The core part of the tongue in nestin-BDNF-transgenic mice expresses abnormally high amounts of BDNF. Gustatory fibers have to traverse this region on their way toward the gustatory epithelium. These sites of ectopic BDNF expression supply the gustatory neurons with high amounts of BDNF, which could rescue them from developmental programmed cell death. Our data also suggest that ingrowing gustatory fibers make terminal ramifications at these sites of ectopic BDNF expression, something that might prevent them from reaching the gustatory papillae. Some gustatory fibers manage, nevertheless, to pass through this region in the tongue rich in BDN F and grow toward the normal sites of BDNF expression. Lingual somatosensory fibers, which have been shown to be N T-3-dependent, grow normally toward their final target destinations in BDN F-transgenic mice. This might explain the presence of a few f ungiform papillae in the midportion of the dorsal surface of the tongue and of DiI-labeled fibers in these regions.
Although neurotrophins do not appear to be involved in axon guidance over long distances, they do exhibit tropic influences on axons that have already reached the target area. In NT-3-overproducing mice, central Ia afferents were shown to project toward the midline of the spinal cord, where NT-3 was ectopically expressed under the control of the nestin promoter (Ringstedt et al., 1997) . Other reports have also emphasized tropic actions of neurotrophins on growing axons. Neurotrophins elicit turning responses of growth cones toward the neurotrophin source and modulate responses of the axonal growth cone (Gundersen and Barrett, 1980; Ming et al., 1997; Paves and Saarma, 1997; Tuttle and O'Leary, 1998) . NT-3 has been proposed to exert tropic effects on spiral neurons of the auditory system (Malgrange et al., 1996) and to increase the expression of the cytoskeletal microtubuline-associated protein 5 in cochleovestibular ganglion neurons in culture (Sanjose et al., 1997) .
The data in the present study are also in agreement with studies on transected peripheral nerves. Neonatal chorda tympanilingual nerve transection in rats leads to a deficit in fungiform papillae development (i.e., fungiform papillae are nondistinguishable from filiform papillae) and loss of taste buds (Nagato et al., 1995) . It has also been shown that gustatory fibers are more efficacious in maintaining taste buds and gustatory papillae than other type of nerves (Hård af Segerstad et al., 1989; Oakley et al., 1990) . The majority of vallate taste buds develop postnatally , and thus when the glossopharyngeal nerve was transected during this period, the majority of vallate taste buds failed to develop . When mouse embryos were treated with ␤-bungarotoxin, disrupting sensory and motor neuron development, no taste buds were observed in the few remaining fungiform papillae present in the midportion of the tongue or associated with the circumvallate papillae (Morris-Wiman et al., 1997) .
Taste bud primordial cells require the action of the early arriving gustatory fibers for their differentiation and maturation. In the absence of gustatory nerves, mammalian taste buds do not develop and fail to support and to maintain the developing gustatory papillae (Nosrat, 1998a; Oakley, 1998 ). This appears to be in contrast to taste buds from axolotl, which are capable of developing in the absence of innervation (Northcutt and Barlow, 1998) . Neonatal nerve transection studies and studies of the (BDNF tg) , and N T-3 transgenic (NT-3 tg) mice. A, Normal appearance of filiform and f ungiform papillae (arrow). Note that there is a taste bud within the superior surface epithelium. B, C ircumvallate papilla is well developed in wild-type mice and contains many well differentiated taste buds in its superior surface (one taste bud is visible in the midportion of the superior surface epithelium in this photomicrograph). C, In BDNF-transgenic mice there are less f ungiform papillae. The fungiform papilla in this photomicrograph is smaller than in wildtype and NT-3 transgenic mice but appears to contain a taste bud. D, Circumvallate papilla has distorted morphology in BDN F-transgenic mice. E, F, Tongue papillae appear normal in N T-3 overproducing Mice. Scale bar: A, represents 100 m in all panels. gustatory system in mice deficient in BDN F or the BDNF receptor trkB (Fritzsch et al., 1997; Z hang et al., 1997) , as well as the data in our present study, clearly show that taste bud development and maturation in mammals require reciprocal interactions between nerves and taste bud progenitor cells. However, nerveindependent signals might also contribute to the establishment of mammalian taste cell lineage and taste bud induction. A number of studies have indicated that taste buds and gustatory papillae develop in prespecialized regions of the lingual epithelium. It has been shown that BDN F mRNA is expressed in the gustatory epithelium before the arrival of gustatory nerves (Nosrat and Olson, 1995) and in explanted tongue organ cultures without the presence of nerve fibers, where it shows a temporospatial expression pattern resembling that seen in vivo . The morphogenic protein Sonic Hedgehog and its receptor Patched are also expressed in the same areas as BDN F and N T-3 mRNAs before the arrival of nerves (Bitgood and McMahon, 1995; Hall et al., 1999) , where gustatory papillae and taste buds develop. Taste buds arise from the local epithelium (Stone et al., 1995) , although not randomly but in specialized regions (Z alewski, 1974) . These data clearly demonstrate that taste bud progenitor cells have different properties than the surrounding epithelium and these properties (i.e., prespecialization) precede innervation. Nevertheless, presence of nerve fibers in proximity of developing taste buds and synaptic vesicles in taste bud-progenitor cells are among one of the earliest signs of taste bud development in humans Reutter, 1996, 1998) . The size of adult fungiform taste buds is also directly related to the number of geniculate neurons innervating the taste buds (Krimm and Hill, 1998) . It has also been shown that Mash1 expression in basal taste cells requires gustatory innervation (Seta et al., 1999) . Taken together, the evidence available so far supports the contributions from early nerve-independent mechanisms that bring competency to the gustatory epithelium and nerve-dependent mechanisms of taste bud development in mammals (Farbman, 1965; Oakley, 1991) , leading to mammalian taste bud development and maturation.
In conclusion, our data demonstrate the importance of BDNF for proper structural and functional development of the gustatory innervation. Overexpression of BDNF in the core part of the tongue creates a lingual phenotype similar to that of BDNF knock-out mice, but does not appear to affect palatal taste buds. We propose that loss of proper target innervation underlies these developmental deficits in both BDNF knock-out and in nestin-BDNF-transgenic mice. We suggest that BDNF acts as a target invasion factor for the early arriving gustatory fibers in the tongue and coordinates innervation of the correct targets. If BDNF is expressed incorrectly, the pattern of innervation is changed. This leads to failure in taste bud and gustatory papillae development, which confirms and extends the general notion of Figure 8 . Scanning electron photomicrographs of mouse tongue at E19. Anterior side faces to right in all figures. A, A circumvallate papilla with its dome-shaped midportion (arrowhead) in a wild-type (wt) mouse. B, Anterior part of a tongue in a wild-type mouse. Fungiform papillae are well developed, large, and well defined. Many fungiform papillae are observed (arrows). C, A circumvallate papilla with a distorted morphology in a BDNF-transgenic (tg) mouse. The midportion of the papilla (arrowhead) is not observed. D, There is a severe decrease in the number of fungiform papillae (and loss of f ungiform taste buds) in BDN F-transgenic mice. In this scanning electron photomicrograph of the anterior part of the tongue, well developed and well defined fungiform papillae are missing. E, Another circumvallate papilla with a distorted morphology in a BDNF-transgenic mouse. The midportion of the papilla (arrowhead) has decreased width. F, A few f ungiform papillae (arrows) with normal appearance, but reduced in size, could however be found in the midportion of the dorsal surface of the tongue in some of BDNF-transgenic mice (see also Fig. 5 A, C) . Scale bars, 100 m.
